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Abstract 
In this article, we have proposed MgB2/ SiC-NPs-in-PMMA based anisotropic multilayer 1D structure that is capable of showing 
metamaterial based photonic bandgap (Zero Effective Phase bandgap). Using this multilayer structure as the cladding, we have 
proposed a novel hollow core bandgap fiber. FE simulation reveals that, apart from guiding light, this newly proposed fiber also 
supports surface plasmon mode which makes it an excellent choice for biosensing. 
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1. Introduction 
Metamaterials are artificially engineered materials that exhibit unusual electromagnetic properties. Recently, 
metamaterials have found many interesting applications in cloaking, perfect lenses, antennas and fiber optics [1-5]. 
In recent times, SNG type metamaterials has been investigated thoroughly. SNG type metamaterials are such type of 
materials which have only one material parameter negative [1, 3]. It can be epsilon negative (ߝ ൏ Ͳ) but mu positive 
(ߤ ൐ Ͳ) or mu negative (ߤ ൏ Ͳ) while epsilon is positive (ߝ ൐ Ͳ). The Epsilon negative SNG materials are usually 
called ENG and mu negative materials are called MNG. Using ENG-MNG multilayer periodic structure [6, 7], we 
can obtain a photonic band gap called Spatially Averaged Single Negative (SASN) band gap [8] which is a special 
case of Zero Effective Phase (ZEP) band gap [6].  Unlike Bragg gap, these gaps originate from the interaction of 
evanescent waves in the MNG and ENG media [6, 7]. This zero effective phase gap (ZEP) is insensitive to disorder, 
scaling, incident angle and shows same photonic band gap for both TE and TM polarization [6-10]. Besides, by 
applying the concept of SASN band gap, it is possible to control the band gap and centre frequency of the photonic 
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device according to designers’ will [7, 9]. Such degrees of freedom are not found in conventional Bragg Band gap 
based optical devices. Using these unusual characteristics of the metamaterial bandgaps, a new type of optical fiber 
can be designed where classical and surface plasmon guidance is possible.  
2. Theoretical Modeling 
2.1. Zero Effective Phase Bandgap 
Let us consider stacked layered structure with MNG layer A (ɂ୅, Ɋ୅), ENG layer B (ɂ୆, Ɋ୆) having thickness dA 
and dB respectively and N is the number of periods. d = dA + dB is the period of one unit cell as shown in Fig. 1(a). 
 
 
Fig. 1 (a) Unit cell. (b) Hollow core fiber structure with SNG layers. 
 
For an infinite periodic structure (ܰ ՜ λ) based on Bloch’s condition, the dispersion relation for any incident 
angle δ follows the relation [11]- 
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Where, ݇௜௫ ൌ ߱ ܿΤ ඥ߳௜ඥߤ௜ඥͳ െ ݏ݅݊ଶ ߜ ߳௜ߤ௜Τ  is the component of wave vector along the axis of alternating layers 
in the ith medium; ݍ௜௫ ൌ ඥ߳௜ ඥߤ௜ൗ ඥͳ െ ݏ݅݊ଶ ߜ ߳௜ߤ௜Τ  is for TE-mode; ݍ௜௫ ൌ ඥߤ௜ ඥ߳௜ൗ ඥͳ െ ݏ݅݊ଶ ߜ ߳௜ߤ௜Τ  is for 
TM-mode; c is the vacuum speed of light. When ȁݍ஺௫ȁ ൌ ȁݍ஻௫ȁ and ȁ݇஺௫ȁ݀஺ ് ȁ݇஻௫ȁ݀஻, (1) is reduced to ሺܭ݀ሻ ൌ
ሺȁ݇஺௫ȁ݀஺ െ ȁ݇஻௫ȁ݀஻ሻ which is always larger than 1. Consequently, there is no real solution for K which gives 
phase ׎ ൌ ܭ݀ ൌ Ͳ and consequently, gives rise to ZEP band gap.  
 
By putting  ܭ݀ ൌ ͳ in (1), and assuming sub wavelength case (݇௜݀௜ ا ͳ), we can find the condition for band 
edges [8, 10]. They are respectively σ ߤ௜݀௜௜ ൌ Ͳ and σ ߝ௜݀௜௜ ൌ Ͳ. These are also called SASN bandgap conditions 
[8, 10]. At a particular frequency, if the spatially averaged permeability (σ ߤ௜݀௜௜ ) or permittivity (σ ߝ௜݀௜௜ ) of a 
layered photonic structure becomes zero, there emerges a band edge of SASN band gap [8, 10]. If both of the 
conditions are met at two different frequencies, a band gap will appear in between those frequencies [8, 10]. Any 
frequency that lies within this bandgap region will be reflected from the interface of our proposed 1D structure. 
Using this 1D structure as the cladding of a hollow core fiber as shown in Fig. 1(b), a new type of fiber can be 
designed.  
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2.2. Mu Negative Material 
MNG materials are extremely difficult to find in nature. They are usually artificially engineered materials. In this 
work, SiC nanoparticles (NPs) in Poly (methyl methacrylate) i.e. PMMA host medium were employed as MNG 
medium. These SiC NPs shows magnetic resonance in optical frequency [12]. By controlling the nanoparticles’ sizes 
and fill factor, we can control the dispersion characteristics of the MNG material. In this work, Lewin’s theory [13] 
were used to properly adjust the parameters of the metamaterial to meet the σ ߤ௜݀௜௜ ൌ Ͳ  condition at desired 
frequency. According to Lewin’s theory, the ߝ௧௢௧௔௟and ߤ௧௢௧௔௟ for a material with nanoparticles arranged in a simple 
cubic fashion are given by the following equation- 
 
ߝ௧௢௧௔௟ ൌ ߝ௛ ൮
͵݂
ܨሺߠሻ ൅ ʹܾఌ
ܨሺߠሻ െ ܾఌ െ ݂
൲ (2) 
 
ߤ௧௢௧௔௟ ൌ ߤ௛ ൮
͵݂
ܨሺߠሻ ൅ ʹܾఌ
ܨሺߠሻ െ ܾఌ െ ݂
൲ (3) 
where,  
 
ܨሺߠሻ ൌ ʹሺ ߠ െ ߠ  ߠሻሺߠଶ െ ͳሻ  ߠ ൅ ߠ  ߠ
(4) 
 
ܾఌ ൌ
ߝ௛
ߝ௦
ǡܾఓ ൌ
ߤ௛
ߤ௦
 (5) 
 
ݔ௦ ൌ
ʹߨݎௌ௜஼หඥߝ௛ߤ௛ห
ߣ 
(6) 
 
Here, ߝ௛ǡ௦  and ߤ௛ǡ௦  are the permittivity and the permeability of the host (h subscript) and of the inclusions (s 
subscript), respectively. The permittivity of PMMA was chose to be 2.2082 (non-dispersive) [14] in our wavelength 
of interest. Since at higher frequencies, most of the materials do not show magnetic resonance [15], we have chosen 
the permeability to be ߤ௛ǡ௦ ൌ ͳ. 
 
2.3. Epsilon Negative Material 
 
In our design of the metamaterial based optical fiber, we employed the recently discovered superconductor 
material, MgB2 as an ENG material which shows Drude type behavior [16-18]. The reason that we have not used 
noble metals is that they suffer from huge Plasmon losses [19]. The Drude model parameters for our material was 
taken from [20]. They are ɘୣ୮=1.93 eV and ߛ௣ =0.002eV. In the drude model, the dispersive permittivity is given 
by- 
ߝாேீ ൌ ͳ െ ߱௘௣ଶ Ȁሺ߱ଶ ൅ ݆߱ߛ௣ሻ (7) 
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Here, ߱௘௣ is electric plasma frequency and ߛ௣ is the damping factor for our material. For permeability, we have 
assumedߤாேீ ൌ ͳ. 
 
3. Results 
Fig. 2 shows the normalized effective permittivity and permeability of our SiC NPs in PMMA as a function of 
wavelength. We have chosen ݎௌ௜஼  = 150 nm and fill factor f = 0.3. The dispersion characteristics imply that the 
resultant material is capable of showing both electric and magnetic resonance at different wavelengths. 
 
 
Fig. 2 Normalized permittivity (a) and permeability (b) of the SiC nanoparticles in PMMA matrix as a function of wavelength.  
The fill factor of the SiC NPs is 0.3 and radius of the NPs have been assumed to be  ݎௌ௜஼ = 150 nm. 
 
 
The dispersion characteristic of MgB2 is shown in Fig. 3. In the case of MgB2, the permittivity becomes negative at 
around 700 nm.  
 
 
Fig. 3 Normalized permittivity of the MgB2 as a function of wavelength. 
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The dispersion of permeability of MgB2 has not been shown here since permeability of MgB2 is always 1 at high 
frequencies like other naturally occurring materials. 
 
Afterwards, we cascaded the MNG and ENG materials to form a multilayer structure. We have chosen unit cell 
consists of MgB2|SiC-in-PMMA. We have formed our device by stacking 10 unit cells in the similar manner 
illustrated in Fig. 1(a). The MNG layer thickness was dA = 400 nm and ENG layer thickness was dB = 200 nm. For 
our device, σ ߝ௜݀௜௜ ൌ Ͳ condition is met at 622 nm and σ ߤ௜݀௜௜ ൌ Ͳ is met at 817 nm. Hence, theoretically, there 
should be a bandgap between these two wavelengths. 
 
We have used Transfer Matrix Method (TMM) [21] to calculate the transmission and reflection spectra of our 
multilayer structure. Fig. 4 shows the reflection characteristics of our photonic structure shown in 1(a). We can see 
from Fig. 4 that no photonic states exist between 622 nm and 817 nm. This suggests that between 622 nm and 817 
nm, there is a bandgap. This implies that our device will act as a reflector in the 622 to 817 nm wavelength range for 
any incident angle for both TE and TM polarization. 
 
Fig. 4 Reflection spectra of the Multilayer MNG|ENG periodic structure for both TE and TM polarization at different angles.  
The number of unit cells employed in this simulation was N = 10.  
 
We have also performed a Finite Element (FE) Eigen mode simulation on our proposed design as shown in Fig. 
5. Simulation reveals that the fiber guides light with relatively low loss (absorption + confinement) given that 
plasmonic lossy materials were used as the cladding materials.  
 
 
Fig. 5 Electric field distribution inside the core at λ = 700 nm for HE11 mode (a). Electric field distribution of the Surface plasmon mode at λ = 
700 nm (b). No core confinement at λ = 500 and 1000 nm (c)-(d). Here, N = 20. 
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For HE11 mode, the loss at 700 nm is 1.68 ൈ 105 dB/km. We have also found surface plasmon modes in our 
proposed structure. As the bandgap region is in-between 622 and 817 nm, the fiber does not show any core 
confinement at outside of the bandgap region (500 and 1000 nm). However, it showed propagating surface plasmons 
in the cladding at 500 and 1000 nm as depicted in Fig. 5(c)-(d). 
Conclusion 
We have shown the practical implementation of Zero Effective Phase (ZEP) bandgap using MgB2 and SiC 
nanoparticles in PMMA based cylindrical multi-layer structure. Using this multilayer structure as the cladding, we 
have proposed a bandgap fiber. The proposed fiber supports surface plasmon modes as well as classical circular 
waveguide modes. The existence of surface plasmon modes makes this hollow core fiber an excellent choice for bio-
sensing application. 
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